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Electronic structures of long periodic stacking order structures in Mg:
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Long period stacking order (LPSO) structures, such as 6H, 10H, 14H, 18R and 24R, play significant roles in
enhancing the mechanical properties of Mg alloys and have been largely investigated separately. In the
present work, through detailed investigations of deformation electron density, we show that the electron
structures of 10H, 14H, 18R and 24R LPSO structures in Mg originate from those of deformation stacking
faults in Mg, and their formation energies can be scaled with respect to formation energy and the number
of layers of deformation stacking faults, while the electron structure and formation energy of the 6H LPSO
structure are between those of deformation and growth stacking faults. The simulated images of high res-
olution transmission electron microscopy compare well with experimental observed ones. The under-
standing of LPSO structures in Mg enables future quantitative investigations of effects of alloying
elements on properties of LPSO structures and Mg alloys.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

As the lightest metallic structural materials, Mg alloys are par-
ticularly attractive for transportation applications such as automo-
biles and aircrafts for weight reducing and higher fuel efficiency
[1]. Numerous efforts have been made in order to increase the
strength and the ductility of Mg alloys. In recent years, Mg-RE al-
loys with excellent mechanical properties have been obtained for
combining fine grain size, precipitates, and long period stacking or-
der (LPSO) structures. For instance, the tensile yield strength and
the elongation of Mg97Y2Zn1 (at.%) alloy with the 6H LPSO struc-
ture produced by rapid solidification can reach 610 MPa and 5%,
respectively, with grain sizes in range of 100 nm–150 nm [2].
When the grain size of Mg matrix is about 330 nm, the tensile yield
strength and the elongation become 400 MPa and 2%, respectively
[3]. It is commonly accepted that fine precipitates or local cluster-
ing of solute atoms together with different types of LPSO struc-
tures, including 6H, 10H, 14H, 18R and 24R, contribute to
strengthening of Mg alloys [4–13].

The 6H, 10H, 14H, 18R and 24R LPSO structures have been re-
ported in Mg alloys by atomic-resolution Z-contrast scanning
transmission electron microscopy (STEM) [2,4,12,14–16] and are
typically characterized by their stacking sequence of close packed
planes as listed in Table 1. It has been estimated that the forma-
tion energy of 6H twice that of the growth fault (I1), while the
formation energies of other LPSO structures depend on the num-
ber of the deformation fault (I2) they contain [17]. The ABCA-type
stacking sequence in I2, 14H and 18R are similar, but with dis-
tinct spatial arrangements [16,18]. This similarity has in some
cases led to transformations between variant structure, such as
18R to 14H observed at high temperature by transmission elec-
tron microscopy (TEM) in a Mg–2Zn–8Y–0.6Zr (wt%) alloy [16].
Such intricate connections among stacking faults and all LPSO
structure have not been fully explored and understood, particu-
larly the electronic structures of various LPSO structures and their
dependences on alloying elements. Experimentally, the technique
of electron tomography provides not only the atomic structure,
but also the electronic structures together with simulations based
on density functional theory (DFT) [19], such as the nature of
chemical bond and the charge redistribution [20–25]. It is noted
that the electron density predicted from DFT-based first-
principles calculations can be directly compared with the charge
transfer obtained from electron tomography measurements and
used to simulate the HRTEM images by projecting the electron
density or converting the electron density into electron scattering
factor [25–28].
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Table 1
Stacking sequence, lattice parameter (a), bulk modulus (B0) and formation energy (c) of stacking faults and LPSO structures in Mg. B0 and a (with c/a = 1.621) are obtained through
four parameters Birch–Murnaghan equation of states.

Stacking order Lattice parameter B0 (GPa) cmJ/m
2 c

cI2

a (Å) C-LPSOÅ

Mg � � �ABAB� � �or � � �BCBC� � � or � � �ACAC � � � 3.195 3.189a 3.215b 3.199j – 35.9 35.6c 36.9d – –
I1 � � �CBCBC B

�
ABABAB � � � 3.196 – 35.6 14.4 18.0h 0.3

I2 � � �ABABA B
�

C
�

ACACAC � � � 3.198 – 35.2 48.2 33.8h 45.0i 1

6H
A
�

BAB A
�

C or B
�

CBC B
�

A
3.197 3.22e 3.202g 3.200j 15.549 15.6e 15.482g 35.6–36.28g 44.644.1h 0.9I2 2I1h

10H
C
�

BCB C
�

A
�

BAB A
� 3.198 3.25f3.202j 25.917 26.03f 35.5 98.2 65.0h 2.0 2h

14H
A
�

BABAB A
�

C
�

BCBCB C
� 3.197 3.25f3.199j 36.273 36.94f 34.5 93.2 63.3h 1.9 2h

18R
A
�

CBCBC B
�

A
�

CACA C
�

B
�

ABA B
� 3.197 3.20f 3.202j 46.644 46.78f 35.6 163.4 94.0h 3.4 3h

24R
A
�

BABABA B
�

C
�

ACACAC A
�

B
�

CBCBCB C
� 3.197 3.22f 62.185 61.81f 33.6 164.1 101.6h 3.4 3h

Note: The letter with a dot above is applied to identify the fault layer.
a Wang et al., first-principles calculations with PAW-GGA [49].
b Karen et al., powder neutron diffraction measurement (c/a = 1.623) [50].
c Wazzan et al., experimental measurements of single crystal Mg [51].
d Slutsky et al., experimental measurements of single crystal Mg [52].
e Inoue et al., high temperature extrusion prepared Mg97Zn1Y2 (at.%) observed by HRTEM [2].
f Matsuda et al., rapidly solidified Mg97Zn1Y2 (at.%) alloys observed by HRTEM [14].
g Tang et al., first-principles calculations of with PAW-GGA (c/a = 1.612) [53].
h Fan et al., first-principles calculations with PAW-GGA [17].
i Pan et al., first-principles calculations with PAW-GGA [18].
j Iikubo et al., first-principles calculations with PAW-GGA (c/a = 1.624) [54].
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Recently, the authors used electron localization morphologies
of growth (I1), deformation (I2), and extrinsic faults of hcp Mg to
provide quantitative descriptions of charge transfer between
atoms in and out of the stacking faults and physical interpretations
of the relation between stacking fault energy and deformation
charge density [29]. It was shown that the stacking fault energy as-
cends in the order of I1, I2, and extrinsic faults and is proportional
to the square of the difference of maximum deformation charge
density, the difference of maximum electron localization function,
and the number of faulted layers. In the present work, the electron
localization morphologies of LPSO structures in hcp Mg are inves-
tigated in details to unearth the intrinsic correlations among vari-
ous LPSO structures. Such knowledge paves the path to understand
the effects of alloying elements on properties of LPSO structures
and design Mg alloys for better performance.

2. Methodology

In the present first-principles calculations, the orthorhombic supercell sizes of

6H, 10H, 14H, 18R and 24R LPSO structures are 2a� 4
ffiffiffi
3
p

a� 3c, a�
ffiffiffi
3
p

a� 5c,

a�
ffiffiffi
3
p

a� 7c, a�
ffiffiffi
3
p

a� 9c and a�
ffiffiffi
3
p

a� 12c with 96, 20, 28, 36 and 48 atoms,
respectively, where a and c are the theoretical lattice parameters of primitive hcp
Mg and an orientation relationship of h01 10ihcpjjh100is:c: ; h1 210ihcpjjh010is:c: and
h0001ihcpjjh001is:c: : Setting parameters for I1 and I2 can be found in our previous
work [29].

Calculations of electronic structures and formation energies at 0 K are carried
out by means of the Vienna ab initio simulation package [30,31] with the general-
ized gradient approximation [32] for the exchange-correction functional and the
projector augmented wave [33] for the electron–ion interaction. The wave func-
tions are sampled on U-centered Monkhorst–Pack grids of 9 � 3 � 4, 19 � 11 � 2,
19 � 11 � 2, 19 � 11 � 1, 19 � 11 � 1 for 6H, 10H, 14H, 18R and 24R structures
generated automatically with same scaling length (l = 60), respectively. The plane
wave cutoff energy is set as 300 eV, i.e. 1.4 times the default cutoff energy for high
accuracy calculations [34], and the energy convergence criterion of electronic self-
consistency is 10�6 eV/atom. While the structures are fully relaxed by the Methfes-
sel–Paxton technique [35], the final total energy calculations are performed by the
tetrahedron method incorporating Blöchl correction [36].

Four-parameter Birch–Murnaghan equation of states [37–39] is used to de-
scribe the relation between energy and volume as follows,

EðVÞ ¼ aþ B0V
B00

1þ ðV0=VÞB
0
0

B00 � 1

 !
ð1Þ
where the fitting parameter a ¼ E0 � B0 V
B00�1. The parameters V0, E0, B0 and B00 represent

the equilibrium volume, energy, bulk modulus and its first derivative with respect to
pressure, respectively. The formation energy of LPSO structures, c, can be obtained
through

c ¼ 1
A
ðELPSO � EBulkÞ ð2Þ

where ELPSO and EBulk are the total energies of supercells with and without LPSO
structures, respectively, and A is the area of basal plane of supercells.

Deformation electron density (Dq) [40,41] is used to characterize the electronic
structures of LPSO structures. It is calculated through the charge density difference
between the fully relaxed structure of self-consistent calculations and the same
structure of non self-consistent calculations. The isosurface structures with differ-
ent values of Dq are generated using VESTA [42,43]. In the literature HRTEM images
are analyzed on the independent atom model (IAM) [25,40] or the procrystal model
[24] or the electron density from DFT with a correction in term of charge density
difference [27]. It has been shown that the intensity difference between electron
densities from DFT and IAM is sensitive to the structure defect and the impurity
(even lightweight element) [25]. The simulated HRTEM images in this work are ob-
tained through the projection of the calculated deformation charge density (Dq)
using the procedure described in Ref. [25].
3. Results and discussions

Table 1 summarizes the predicted stacking sequence, lattice
parameter (a and c), bulk modulus (B0), formation energy (c) of
I1, I2, and LPSO structures, and the ratio of formation energy with
respect to that of I2 (c/cI2). The total energies of I1, I2, and LPSO
structures as a function of volume are fitted by a four parameters
Birch-Murnaghan equation of state (shown in Fig. S1 in the supple-
mental information). It can be seen in Table 1 that our predicted
lattice parameters of I1, I2 and LPSO structures are consistent with
experimental data, while bulk modules are lower than that of Mg
indicating the increase of atomic volume cased by fault layers
and matching well with our previous prediction (the B0 of FCC
Mg decreases from 35.7 of HCP to 34.7 GPa with the volume in-
creases from 22.887 of HCP to 23.068 Å3/atom) [39]. The ratios of
formation energy indicate that the formation energies of LPSO
structures in Mg can be scaled to the formation energy of I2,
approximately one for 6H, two for 10H and 14H, and three for
18R and 24R, respectively.
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To understand this scaling correlation, Fig. 1 plots the isosurface
of the maximum deformation electron density (�Dqmax) for I1, I2
and LPSO structures in the prismatic plane of f1120ghcpjj
f100gs:c:; using the positive and negative mode in VESTA [42,43].
Since the charge density is a scalar field, the change in electron dis-
tribution results in directional bonds [44] and can be correlated to
the formation energy of stacking faults [45] and LPSO structures.
Furthermore, the examination of deformation electron density
can directly reveal the fault layers and its number in those struc-
tures through isosurface structure of each layer [29]. It can be seen
in Fig. 1 that two fault layers in 6H LPSO with altered charge den-
sity are separated by one non-fault plane, different from both I1
with single fault layers separated by three non-fault layers and I2
with double-fault layers separated by three and five non-fault lay-
ers, respectively. That is the reason why the predicted c6H is larger
than 2cI1 and closer to, but smaller than cI2, indicating stronger
interactions of two fault layers when they become closer in
Fig. 1. (100)s.c. Plane view of isosurface of deformation charge density, Dq = �Dqmax, a–g
denoting fault layers and rectangles denoting atomic layers across fault layers. (For interp
web version of this article.)
accordance with previous theoretical work [46]. It is further ob-
served in Fig. 1 that all the 10H, 14H, 18R and 24R structures have
double-fault layers like I2, and the numbers of non-fault layers be-
tween double-fault layers are three, five, four, and six, respectively,
equal or larger than that in I2. The total numbers of double-fault
layers are two for 10H and 14H structures and three for 18R and
24R structures, respectively, coinciding with the ratios of their for-
mation energies to that of I2 as discussed above. The stacking se-
quences across the fault layers are highlighted by rectangles with

3 or 4 atomic layers of A B
�

C or A B
�

C
�

A and solid and dotted lines
for different directions, further demonstrating the correlations be-
tween I1 and 6H, and I2 and other LPSO structures.

Fig. 2 presents the 0:5Dqmax isosurface in stacking faults and
LPSO structures in the prismatic plane. At this level, variation of
the chemical bond structure from non-fault layer to fault layer is
revealed clearly. It is observed that all LPSO structures have similar
bond morphologies as I1 and I2 stacking faults [29,47], i.e.
:I1, I2, 6H, 10H, 14H, 18R and 24R, generated using VESTA [42,43], with letters in red
retation of the references to colour in this figure legend, the reader is referred to the



Fig. 2. 0.5Dqmax isosurface of (100) plane view, a–g: I1, I2, 6H, 10H, 14H, 18R and 24R, generated using VESTA [42,43], with letters in red denoting fault layers.

Fig. 3. Correlation between the formation energy of LPSO structures and the
number of fault layers. The line represents the ideal linear relation between the
formation energy and the number of fault layers.
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rod-shaped in non-fault layers and tetrahedron-shaped in fault
layers, respectively. It should be noted that the tetrahedron-shaped
directional bonds are characteristics of the fcc structure such as Al
[40], in line with the fact that stacking faults and LPSO structures
represent the local fcc atomic environment in a hcp matrix. Based
on the information presented in Figs. 1 and 2, it seems logical to
correlate the formation energy of LPSO structures with the number
of fault or double-fault layers, shown in Fig. 3 with a near linear
relation depicted. This indicates the weak interaction between
double-fault layers in the LPSO structures.

Fig. 4 shows the simulated (100) HRTEM images of growth fault
and deformation fault using the technique described in the Method
section of this paper. Fault and non-fault layers are labeled in red
and blue letters, respectively. The stacking sequences of I1 and I2

can be wrote as A B
�

C and A B
�

C
�

A across the fault layers, forming
basic unites of rectangles with 3 and 4 atomic layers, respectively,
as the same as those shown in Fig. 1a and b, which have been used
to describe the TEM images of 14H and 18R LPSO structures in
Mg alloys [16]. It is to be noted that the effects of alloying elements
on LPSO structures will be discussed in a paper under preparation.

Fig. 5 shows the simulated (pure Mg) and experimental
(Mg97Zn1Y2) (100) TEM images of 6H and 10H structures. It can
be seen in Fig. 5a that the non-fault layer between the two-fault
layers in 6H is a mirror plane with the stacking sequence of three



Fig. 4. Simulated (100) HRTEM images of the stacking faults in I1 (a) and I2 (b). Fault and non-fault layer are labeled with letters in red and blue, respectively. Stacking
features across fault and non-fault layers are highlighted by rectangle and triangle, respectively. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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atomic layers of A B
�

C to both sides of the mirror plane, similar to
that in I1. While in 10H shown in Fig. 5b, the non-fault layer be-
tween two non-fault layers is a mirror plane with the stacking se-
quence of four atomic layers of A B

�
C
�

A to both sides of the mirror
plane, similar to that in I2. On the contrary, there are no mirror
planes in 14H, 18R and 24H though the stacking sequence of four
atomic layers of A B

�
C
�

A, similar to that in I2, seems sheared in
opposite directions in 14H and in the same direction in 18R and
24H, as shown in Fig. 6. The observation in 14H is consistent with
interpretation of the two twin-related building blocks with
ABCA-type stacking sequence derived from TEM results [48]. It
should be emphasized that the electron localization morphology
Fig. 5. Simulated (100) HRTEM images in 6H (a) and 10H (b) with the stacking sequen
HRTEM images of 6H and 10H of Mg97Zn1Y2 in a-2 and b-2 are reproduced from [2] and
(For interpretation of the references to colour in this figure legend, the reader is referre
in this work clearly reveals that each twin-related building block
is made up of two fault layers, i.e. A B

�
C
�

A shown in Fig. 6a.
The detailed electronic structures of LPSO structures discussed

above provide insights on transformations between them. It is
shown that the densities of fault layers are in the descending order
from 10H, 18R, 14H, to 24R as 2/5, 1/3, 2/7, and 1/4. The transfor-
mation from LPSO structures with a higher density of fault layers
to those with lower density is thus energetically favorable such
as the 18R to 14H transformation observed experimentally at high
temperatures [16]. Since the formation of fault layers is related to
the dissociation of dislocations to Shockley partials, the above
transformation thus reduces the dislocation density during heat
ce of four atomic layers highlighted by the rectangles and fault layers in red. The
[14] with permissions of The Japan Institute of Metals and by Elsevier, respectively.
d to the web version of this article.)



Fig. 6. Simulated (100) HRTEM images with stacking sequence of four atomic layers in 14H (a), 18R (b) and 24H (c) structures and fault layers in red. The STEM images of
14H, 18R and 24R of Mg–Zn–Y alloys in a-2, b-2 and c-2 are reproduced from [16] with permissions by Elsevier. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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treatment. It should be pointed out that the higher density of fault
layers does not mean higher formation energy of LPSO structures
shown in Table 1 and Fig. 3, which are correlated with the total
number of fault layers in each LPSO structure.
4. Conclusions

In summary the electronic structures of 6H, 10H, 14H, 18R and
24R LPSO structures are investigate by means of first-principles
calculations and are observed to be similar to that of deformation
stacking fault. Except 6H, all of them can be considered as stacking
of double-fault layers with variable non-fault layers between. The
electron localization morphology further confirms the fcc charac-
teristics of the fault layers based on the tetrahedron-shaped direc-
tional bonds. The simulated HRTEM images reveal a mirror plane
with the stacking sequence of three atomic layers in 6H and four
atomic layers in 10 H, and a sheared displacement of the stacking
sequence of four atomic layers in 14H, 18R and 24R. It is articu-
lated that transformation between LPSO structures is related to
the reduction of dislocation density during heat treatment.
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